The immune response to microbial pathogens is initiated by recognition of specific pathogen components by host cells both at the cell surface and in the cytosol. While the response triggered by pathogen products at the surface of immune cells is well characterized, that initiated in the cytosol is poorly understood. Nod1 is a member of a growing family of intracellular proteins with structural homology to apoptosis regulators Apaf-1/Ced-4 and a class of plant disease-resistant gene products. Here we show that bacterial lipopolysaccharides, but not other pathogen components tested, induced TLR4-and MyD88-independent NF-B activation in human embryonic kidney 293T cells expressing trace amounts of Nod1. Nod2, another Nod family member, also conferred responsiveness to bacterial components but with a response pattern different from that observed with Nod1. As it was reported for plant diseaseresistant R proteins, the leucine-rich repeats of Nod1 and Nod2 were required for lipopolysaccharide-induced NF-B activation. A lipopolysaccharide binding activity could be specifically coimmunopurified with Nod1 from cytosolic extracts. These observations suggest that Nod1 and Nod2 are mammalian counterparts of plant diseaseresistant gene products that may function as cytosolic receptors for pathogen components derived from invading bacteria.
The immune response to microbial pathogens is initiated by recognition of specific pathogen components by host cells both at the cell surface and in the cytosol. While the response triggered by pathogen products at the surface of immune cells is well characterized, that initiated in the cytosol is poorly understood. Nod1 is a member of a growing family of intracellular proteins with structural homology to apoptosis regulators Apaf-1/Ced-4 and a class of plant disease-resistant gene products. Here we show that bacterial lipopolysaccharides, but not other pathogen components tested, induced TLR4-and MyD88-independent NF-B activation in human embryonic kidney 293T cells expressing trace amounts of Nod1. Nod2, another Nod family member, also conferred responsiveness to bacterial components but with a response pattern different from that observed with Nod1. As it was reported for plant diseaseresistant R proteins, the leucine-rich repeats of Nod1 and Nod2 were required for lipopolysaccharide-induced NF-B activation. A lipopolysaccharide binding activity could be specifically coimmunopurified with Nod1 from cytosolic extracts. These observations suggest that Nod1 and Nod2 are mammalian counterparts of plant diseaseresistant gene products that may function as cytosolic receptors for pathogen components derived from invading bacteria.
The innate immune system regulates the immediate response to microbial pathogens in multiple organisms including humans. The innate immune response is initiated by recognition of specific pathogen components by host immune cells. Mammalian cells have cell surface receptors and intracellular mechanisms that initiate the defense response against microbial pathogens (1, 2) . Toll-like receptors (TLRs) 1 comprise a family of cell surface receptors that are related to the Drosophila Toll protein, a molecule involved in defense against fungal infection in the fly (1). Ten mammalian TLRs have been identified (1) . Two members of the family, TLR2 and TLR4, have been better characterized and shown to mediate the response to multiple bacterial cell wall components including lipopolysaccharide (LPS), lipopeptides, peptidoglycans (PGN), and lipoteichoic acid (LTA) (3) (4) (5) (6) (7) . Mammalian TLRs have multiple leucine-rich repeats in the ectodomain and an intracellular Toll-IL1 receptor domain that mediates a signaling cascade to the nucleus (1). Stimulation of TLR2 and TLR4 leads to the recruitment of the adaptor molecule MyD88 and the serine kinase IL1R-associated kinase, two signaling components that, together with TRAF6, mediate activation of NF-B (1).
Plants have several classes of genes that regulate the defense against invading pathogens. An important class of these molecules is termed disease-resistant (R) proteins, and members include both membrane-bound and cytosolic proteins. These are essential for the defense against multiple pathogens including bacteria, fungi, and viruses (8) . The cytosolic type of R proteins, which include the tobacco N gene product and up to 200 gene products in Arabinopsis thaliana, are comprised of an N-terminal Toll-IL1 receptor or leucine zipper effector domain, a centrally located nucleotide binding domain (NBD), and Cterminal leucine-rich repeats (LRRs). The LRRs of cytosolic R proteins are highly diverse and appear to be involved in the recognition of a wide array of microbial components (8) . This class of disease-resistant proteins mediates the hypersensitive response in plants that includes metabolic alterations and localized cell death at the site of pathogen invasion (8) . The cytosolic R proteins of plants have remarkable structural homology to Nod1/Card 4, a recently described protein related to the apoptosis regulator Apaf-1 (9 -11). Like plant R proteins, Nod1 is comprised of an N-terminal effector domain, a centrally located NBD, and multiple LRRs at the C terminus (10, 11) . Nod1 induces NF-B activation, which is mediated through the association of its N-terminal caspase recruitment domain with that of RICK, a protein kinase that also activates NF-B (10 -15) . However, the trigger molecule(s) that activates Nod1 to mediate NF-B activation remains unknown.
Given the structural homology between Nod1 and intracellular LRR-NBD-containing plant R proteins, we performed experiments to determine whether Nod1 might regulate the cellular response to microbial components. Here we report that expression of Nod1 confers responsiveness to LPS and provide evidence that Nod1 exhibits LPS binding activity. Therefore, we propose that Nod1 and Nod2, another Nod family member recently identified, are cytosolic receptors for pathogen components and functional counterparts of intracellular plant R gene products. Expression Plasmids-The expression plasmids pcDNA3-Nod1-FLAG, pcDNA3-Nod1(1-648)-FLAG, pcDNA3-Nod2, pcDNA3-Nod2(1-744)-FLAG, pRK7-FLAG-IKK␤, pcDNA3-FLAG-IKKi, pcDNA3-CI-PER-FLAG, pCMV-IL1R, pCMV-TLR4-FLAG, pcDNA3-FLAG-RIP, pcDNA3-MyD88 DN (amino acids 1-109), pcDNA3-CD14, pCMV-MD2-FLAG, and pcDNA3-␤-galactosidase have been described previously (11, 12, 15, (17) (18) (19) (20) . 2 To construct the expression plasmid producing C-terminally HA-tagged mature IL1␤, pcDNA3-mIL1␤-HA, the mature region of mouse IL1␤, was amplified by polymerase chain reaction and inserted into pcDNA3-HA-pro, which contains the signal sequence of protrypsin and the HA tag.
EXPERIMENTAL PROCEDURES

Reagents-LPS
Transfection and NF-B Activation Assay-HEK293T cells were transfected, and NF-B activation assays were performed as described (15) .
In Vitro LPS Binding Assay-1 ϫ 10 8 HEK293T cells were transfected with expression plasmids indicated in figure legends as described (15) . 24 h post-transfection, S100 fractions were prepared from transfected cells as described (4). For Fig. 3A , S100 lysate containing 5 mg of protein was incubated with 300 ng of [ 3 H]LPS (1 ϫ 10 5 Bq, 347 Bq/ng; List Biological Laboratories, Campbell, CA) from Escherichia coli K12 LCD25, 6 g of anti-FLAG M2 antibody (Sigma), 10 l of protein A-Sepharose, and 10 l of protein G-Sepharose at 4°C for 2 h. Proteins bound to the matrix were washed 5 times with 1 ml of Buffer A. The bound radioactivity was measured using a Beckman LS5000LD liquid scintillation counter. For Fig. 3B , proteins were immunopurified first from 20 mg of S100 lysate as described above and then incubated with 300 ng of [ 3 H]LPS in the presence of 10 mg of bovine serum albumin Fraction V (Sigma) at 4°C for 2 h. After 5 washes with 1 ml of Buffer A, the bound radioactivity was measured. To monitor protein expression, proteins in 50 g of S100 lysate were detected by immunoblotting with anti-FLAG Ab.
RESULTS AND DISCUSSION
To study a role of Nod1 in the cellular response to microbial components, HEK293T cells were transiently cotransfected with a Nod1 expression plasmid or control plasmid and an NF-B reporter construct in the presence of bacterial or fungal products. No significant induction of reporter gene activity was observed when the cells transfected with control plasmid were exposed to LPS, PGN, LTA, sBLP, or mannan (Fig. 1A) . These results are in agreement with previous observations in HEK293 cells (3, (5) (6) (7) . Because overexpression of Nod1 induces NF-B activation (10, 11), we transfected HEK293T cells with 0.3 ng of Nod1 and measured NF-B activation after incubation with various pathogen components. LPS, but not the other microbial products tested, induced significant NF-B activation (about 12-fold) in cells expressing trace amounts of Nod1 (Fig. 1A) . To demonstrate that NF-B activation by LPS is specific for cells expressing Nod1, HEK293T cells were transfected with expression plasmids producing IL1R and its ligand IL1␤ or RIP, a mediator of the TNF␣ signaling pathway (18, 20) . As expected, stimulation of the IL1R and expression of RIP induced NF-B activation in the absence of LPS (Fig. 1B) . Significantly, LPS did not enhance NF-B activation induced by IL1R stimulation or RIP (Fig. 1B) .
Plant disease-resistant proteins have C-terminal LRRs that are critical for pathogen-specific responses (8) . Alterations in their LRRs result in unresponsiveness to particular pathogens (8) , suggesting that the LRRs of Nod1 might be also required for the response to LPS. To test this hypothesis, HEK293T cells were transfected with plasmids expressing wild-type or truncated Nod1 mutant lacking the LRRs (Nod1⌬LRR) and treated with LPS. Expression of Nod1⌬LRR induced higher NF-B activation than wild-type Nod1 in the absence of LPS, as previously reported (11) . Significantly, LPS did not enhance NF-B activation induced by Nod1⌬LRR (Fig. 2) . Thus, the LRRs are essential for Nod1 to respond to LPS.
Several studies have provided conclusive evidence that TLR4 is a cell surface receptor for LPS (1, 4, 6, 21) . Therefore, it is possible that expression of Nod1 confers LPS responsiveness through TLR4. To test this possibility, HEK293T cells were cotransfected with a TLR4 expression plasmid, and NF-B 5 HEK293T cells were transfected with 0.3 ng of pcDNA3-FLAG (white bars) or pcDNA3-Nod1-FLAG (black bars) in the presence of 600 ng of pcDNA3, 73 ng of pEF1BOS-␤-galactosidase, and 7.3 ng of pBVIx-luc. 8 h post-transfection, cells were treated with 10 g/ml of each pathogen product, LTA, or PGN from S. aureus, LPS from E. coli 055:B5, mannan from C. albicans 20A, sBLP, or was left untreated (Control). 24 h post-transfection, B-dependent transcription was determined by luciferase activity relative and values normalized to ␤-galactosidase in triplicate cultures. As control, the inset showed Nod1 proteins immunodetected with anti-FLAG Ab in lysates from cells transfected with 10 ng of pcDNA3-Nod1 in the presence (right) and absence (left) of 10 g/ml LPS. B, 1 ϫ 10 5 HEK293T cells were transfected with 0.3 ng of pcDNA3-FLAG (-), pcDNA3-Nod1-FLAG (Nod1), or pcDNA3-Nod1(1-648)-FLAG (Nod1⌬LRR), 300 ng of pcDNA3-FLAG-TLR4, 3 ng of pCMV-IL1R1 plus 100 ng of pcDNA3-IL1␤-HA (IL1), or 1 ng of pcDNA3-RIP-FLAG (RIP) in the presence of 600 ng of pcDNA3, 73 ng of pEF1BOS-␤-galactosidase, and 7.3 ng of pBVIx-luc. 8 h posttransfection, cells were treated with 10 g/ml LPS (black bars) or were left untreated (white bars). 24 h post-transfection, B-dependent transcription was determined as described above. C, 1 ϫ 10 5 HEK293T cells were transfected with 3 ng of pCMV-IL1R1 and 100 ng of pcDNA3-IL1␤-HA (IL1), 300 ng of pcDNA3-FLAG-TLR4, 300 ng of MD2, and 300 ng of CD14 (TLR4) or 0.3 ng of pcDNA3-Nod1-FLAG (Nod1) in the absence (white bars) and presence (black bars) of 66 ng of pMyD88 DN. 8 h post-transfection, cells were treated with 10 g/ml LPS or left untreated for cells transfected with IL1R and IL1␤ expression plasmids. 24 h post-transfection, B-dependent transcription was determined as described above. 7.1 Ϯ 0.6-, 8.3 Ϯ 1-, and 45 Ϯ 2-fold inductions of NF-B activation were observed in cells stimulated with IL1R⅐IL1␤, TLR4⅐MD2⅐CD14 and Nod1 expression, respectively, and each value was considered as 100%. activity was measured in the presence and absence of LPS. Expression of TLR4 alone did not induce NF-B activation in the presence of LPS, which is consistent with recent reports that additional cell surface molecules such as MD2 and CD14 are required for TLR4-mediated LPS responses in cells (6, 21) . In accord with the latter, cotransfection of TLR4, CD14, and MD2 expression plasmids induced 8-fold activation of NF-B (see legend for Fig. 1C ). To further verify that Nod1 confers LPS responsiveness independently of TLRs, a dominant negative mutant of MyD88, a common signaling molecule of IL1, and Toll-related receptors including TLR4 were coexpressed with Nod1 or TLR4, CD14, and MD2 as a control, and transfected cells were stimulated with LPS. Coexpression of the MyD88 mutant suppressed NF-B activation induced by both TLR4 and IL1R stimulation, but it did not affect LPS-mediated NF-B activation induced by Nod1 (Fig. 1C) . Furthermore, expression of a dominant negative mutant of TRAF6, a signaling molecule of TLR signaling pathways (22) , did not block NF-B activation induced by Nod1 but inhibited TLR4-mediated NF-B activation (11) . These results indicate that NF-B activation in Nod1-expressing cells induced by LPS is not mediated by the TLR4 signaling pathway. Consistent with this notion are recent observations showing that the Nod1 signaling pathway leading to NF-B activation is distinct to that of TLRs. Nod1 activates NF-B through its association with RICK, a protein kinase that directly interacts with IKK␥/NEMO, the regulatory subunit of the IB kinase complex (15) .
LPS from different Gram-negative bacteria have diverse structures (23) . To determine whether Nod1 confers responsiveness to LPS from several bacterial sources, Nod1-expressing cells were stimulated with LPS from six pathogenic bacteria or TNF␣ as a positive control. All LPS preparations induced NF-B activation in Nod1-expressing cells, but different sources of LPS differed in their ability to enhance Nod1-mediated NF-B activation (Fig. 2) . As it was found with LPS from E. coli 055:B5 (Fig. 1B) , none of the LPS preparations induced significant NF-B activation in cells expressing a Nod1 mutant lacking the LRRs (Fig. 2) .
Plants have numerous disease-resistant R genes, and mammalian, as well as insect, cells have multiple TLR family members to respond to different pathogens (8) . Notably, we identified human Nod2, another Nod1-like protein that is homologous to Nod1 (34% amino acid identity) and is comprised of N-terminal caspase recruitment domains, NBD and LRRs. 2 The presence of multiple Nod family members suggests that Nod1 and Nod2 may have different specificities for pathogen components. To test this, HEK293T cells were cotransfected with plasmids expressing wild-type or mutant Nod2 lacking the LRRs. As it was observed with Nod1, all LPS preparations including those from invasive bacteria such as Salmonella and Shigella stimulated NF-B activation in cells expressing wild-type Nod2 but not mutant Nod2 (Fig. 2) . Notably, LPS from Sarratia marcescens and Salmonella typhimurium was more effective in inducing NF-B activation in cells expressing Nod2 than Nod1 (Fig. 2) . Furthermore, PGN preparation from S. aureus stimulated NF-B activation in cells expressing Nod2 but not Nod1 (Fig. 2) . The molecular basis for the differential response of Nod1 and Nod2 to both LPS and PGN is unclear. Further biochemical analyses and structure determination of the LPS moiety recognized by Nod1 and Nod2 are required to understand the differential response of Nod proteins to bacterial components.
Apaf-1, a Nod1-like molecule that plays a central role in apoptosis, mediates responsiveness to cytochrome c leaked from mitochondria (9, 24) . Apaf-1 directly binds to cytochrome c (24) . To determine whether Nod1 binds to LPS, S100 cell lysates were prepared from HEK293T cells expressing Nod1, and the ability of Nod1 to bind radiolabeled LPS was tested by a modified immunoprecipitation assay. LPS was coimmunoprecipitated with FLAG-tagged Nod1 but not with other FLAGtagged control proteins (Fig. 3A) . Thus, Nod1 is associated with an LPS binding activity present in the cytosolic fraction of HEK293T cells. However, it is possible that Nod1 does not directly bind to LPS and that the association requires other cytosolic factors. For example, dATP or ATP is required for the response of Apaf-1 to cytochrome c (24) . To begin to test this, we first immunoprecipitated Nod1 or IKK␤, as a control protein, with anti-FLAG antibody, and the ability of the immunoprecipitated proteins to bind LPS was tested in nucleotide-free buffer. Immunopurified Nod1 exhibited LPS binding activity, but control IKK␤ did not (Fig. 3) . These results suggest that Nod1 directly binds LPS. However, we cannot exclude the possibility that Nod1 interacts with LPS through an intrinsic cytosolic factor(s) that is tightly bound to Nod1 and coimmunoprecipitates with Nod1 in the absence of LPS. In plants, the A. thaliana disease-resistant RPS2 gene product that is structurally related to Nod1 and Nod2 can form a protein complex in vivo with the product of the phytopathogenic bacterium Pseudomonas syringae avrRpt2 gene, but the protein complex also contained at least one additional plant protein of ϳ75 kDa (16) . Therefore, further studies are needed to determine whether the association of LPS with Nod1 is direct or mediated through a cytosolic Nod1-interacting protein.
In this study, we demonstrate that LPS induces NF-B activation in HEK293T cell expressing Nod1, whereas parental HEK293T cells are insensitive to LPS. In the human system, the TLR4⅐MD2⅐CD14 complex has been demonstrated to serve as a surface receptor for LPS (1) . In addition to the cell surface TLR4 complex, there is mounting evidence that mammalian cells have an intracellular receptor that detects LPS in the cytoplasm of bacteria-infected cells (2) . For example, epithelial cells are unresponsive to extracellular LPS either purified or presented in the context of noninvasive Gram-negative strains (2) . Yet, LPS introduced inside of the epithelial cells activates NF-B (2). However, to date, the identification of an intracellular recognition system for LPS and other microbial products remains elusive. Because Nod1 can confer responsiveness to LPS, we propose that Nod1 may act as an intracellular receptor for LPS. Nod1 function might be important in the intracellular response of epithelial cells against invading bacteria, as Nod1 is expressed in intestinal, lung, and nasal epithelial surfaces in the late mouse embryo (11) . The presence of an intracellular detection system for bacterial LPS would be expected in epithelial surfaces such as those of the gut that are highly exposed to bacteria and bacterial products. In such organs, triggering of an inflammatory response to bacterial products through surface receptors such as TLR4 would be detrimental to the organism. We also demonstrated that HEK293T cells expressing Nod2, another member of the Nod family, also responds to LPS, but Nod1 and Nod2 appear to have different preferences for LPS preparations from different bacteria. These observations suggest that in addition to TLRs, Nod family members may represent another innate immune system for the recognition of a wide array of pathogen products. For example, the genome of the plant A. thaliana contains ϳ200 disease-resistant genes encoding intracellular NBD-LRR proteins related to Nod1 and Nod2 (8) . BLAST searches of public data bases revealed that the human genome contains at least 20 Nod1-like genes. 3 In future studies, it will be important to elucidate the function and pathogen specificity of mammalian Nod1 family members.
